Neurodegeneration precedes the onset of dementias such as Alzheimer's by several years. Recent advances in volumetric imaging allow quantification of subtle neuroanatomical change over time periods as short as six months. This study investigates whether neuroanatomical change in medial temporal lobe subregions is associated with later memory decline in elderly controls. Using high-resolution, T1-weighted magnetic resonance images acquired at baseline and six-month follow-up, change in cortical thickness and subcortical volumes was measured in 142 healthy elderly subjects (aged 59-90 years) from the ADNI cohort. Regression analysis was used to identify whether change in fourteen subregions, selected a priori, was associated with declining performance on memory tests from baseline to two-year follow-up. Percent thickness change in the right fusiform and inferior temporal cortices and expansion of the right inferior lateral ventricle were found to be significant predictors of subsequent decline on memory-specific neuropsychological measures. These results demonstrate that six-month regional neurodegeneration can be quantified in the healthy elderly and might help identify those at risk for subsequent cognitive decline.
Introduction
Loss of cognitive function during the transition from health to dementia can be linked to regional damage as pathological processes spread in the brain. Previous research suggests that the neurodegeneration occurring during this pathological spread can be quantified and used to predict further cognitive decline. For example, a quantification of neurodegeneration in patients with mild cognitive impairment (MCI) has been shown to predict progression to Alzheimer's disease (AD) . However, few studies have attempted to quantitatively assess regional neurodegeneration during the preclinical stage, before the onset of memory symptoms, and to see whether it is predictive of which individuals will subsequently undergo cognitive decline at a rate faster than that of normal aging. This has been challenging, in part, because healthy elderly subjects show minimal cognitive decline over the time course of most studies and therefore a large number of subjects is needed. By enrolling more than 200 normal controls in a three-year observational study, the Alzheimer's Disease Neuroimaging Initiative (ADNI) has made it possible to measure changes in cortical thickness and subregional brain volumes in the healthy elderly, thus enabling identification of those individuals who are in the earliest stages of neurodegeneration. As disease-modifying interventions become available, early detection of neurodegenerative illness becomes imperative, especially since the preclinical stage may be the period most amenable to disease-modifying therapy.
Longitudinal magnetic resonance imaging (MRI) can be used as a tool to aid early diagnosis of neurodegenerative illness by providing information about the rate of brain tissue loss, as evidenced by changes in cortical thickness and subcortical volumes. Further, the measurement of subregional change, coupled with knowledge about regional progression of various neurodegenerative diseases, may assist in differential diagnosis. Prior studies using longitudinal MRI for early detection of dementia have obtained measures of change through manual tracing (Jack et al., 1997) , automated procedures for global volumetric change such as the boundary shift integral (Ridha et al., 2008) , or methods based on statistical parametric mapping, such as voxel-based morphometry (Ashburner et al., 2003) . The automated method in this paper uses nonlinear registration NeuroImage xxx (2010) xxx-xxx between baseline and follow-up scans to calculate volumetric change on a voxel-by-voxel basis. This is combined with image segmentation and cortical surface reconstruction to obtain average structural change in each subregion ). The method is high-throughput and requires little manual input, making it applicable to large research studies and promising for extension to the clinical setting. Further, it has been shown to be sensitive to changes in the healthy elderly over one-year intervals. A recent study using this method in the ADNI elderly control cohort found that all identified subcortical and ventricular regions except the caudate nucleus and fourth ventricle changed significantly over one year (Fjell et al., 2009) . It remains unclear whether these structural changes might be detectable over an even shorter time-period, how they relate to cognitive performance, and whether they are a harbinger of later cognitive decline.
The aim of this study was to investigate whether six-month, subregional change in the medial temporal region could be detected in elderly subjects with no diagnosis of dementia upon entry to the study and if so, whether it is predictive of subsequent cognitive decline on memory-specific tasks. High-resolution, three-dimensional MRI scans were acquired six months apart and analyzed to obtain percentage change across fourteen cortical and subcortical regions. These fourteen regions for which longitudinal volumetric change measures were publicly available for download from the ADNI database on January 1, 2010 were selected for inclusion in a regression analysis. In addition to regional temporal lobe measures, global measures of neurodegeneration were analyzed using change in cerebral and ventricular volumes.
Four memory-specific neuropsychological measures derived from the Logical Memory Test (from the Wechsler Memory Scale-Revised) and the Rey Auditory Verbal Learning Test (AVLT) were chosen as clinically relevant indicators of decline. Two-year changes in scores were used as distinct outcomes in separate regression analyses. Memory-specific tests were chosen as outcome measures because it is well recognized that memory impairment is an early symptom of Alzheimer's disease, and it has been proposed that tests specifically designed to measure memory functioning are sensitive to detecting early AD (Pike and Savage, 2008) . Two of the neuropsychological measures were specifically chosen to assess episodic memory since impairment in this realm is considered a hallmark symptom of early AD (Sperling, et al., 2010) . Further, performance on these specific tests has been previously associated with neurodegeneration in the medial temporal region (Apostolova et al., 2010) .
Based on previous findings, the hypotheses were that six-month neurodegeneration could be detected in healthy elderly subjects, and that this neurodegeneration could be used to predict subsequent deterioration in memory performance as measured by neuropsychological testing.
Methods

Alzheimer's Disease Neuroimaging Initiative
Raw data used in this paper were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) public database (http:// www.loni.ucla.edu/ADNI/). ADNI is a multi-site, five-year observational study of elderly individuals started in 2004 by the National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, the Food and Drug Administration, private pharmaceutical companies and non-profit organizations. Elderly controls, subjects with mild cognitive impairment (MCI) and AD subjects underwent longitudinal MRI scans and neuropsychological assessment at specified intervals for two to three years.
The Principal Investigator of this initiative is Michael W. Weiner, M.D. at the VA Medical Center and University of California, San Francisco. ADNI is the result of the efforts of many co-investigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. For more information, see www.adni-info.org.
Standard protocol approvals, enrolment and patient consents ADNI was conducted according to Good Clinical Practice guidelines, the Declaration of Helsinki, US 21CFR Part 50-Protection of Human Subjects, and Part 56-Institutional Review Boards, and pursuant to state and federal HIPAA regulations. Written informed consent for the study was obtained from all subjects and/or authorized representatives and study partners (http://www.ADNI-info.org).
Subjects ADNI eligibility criteria are described at http://adni-info.org/ TakingPartInADNI.aspx. In general, all enrolled subjects were between 55 and 90 (inclusive) years of age, had a study partner available to provide an independent evaluation of functioning, and spoke either English or Spanish. Control subjects were cognitively normal, based on an absence of significant impairment in cognitive functions or activities of daily living, and were in good general health with no depression or additional diseases expected to interfere with the study. They had baseline Mini Mental State Examination (MMSE) scores between 24 and 30 (inclusive), global Clinical Dementia Ratings (CDR) of 0, and normal memory function determined by specific cutoffs on the Logical Memory Test (delayed paragraph recall) from the Wechsler Memory Scale-Revised. All control subjects were given the diagnosis of normal at baseline by physicians who were experienced neurologists or psychiatrists. This diagnosis was reviewed by physicians at each follow-up visit after 6 months, 12 months and 24 months to determine whether there was conversion to MCI or AD.
In this study, data were included on all ADNI control subjects for whom the following criteria were satisfied by December 2009: baseline and six-month MR imaging data were available and passed a quality control review (described in Holland et al. (2009)) , and baseline and 24-month neuropsychological data were available. Of the 229 ADNI control subjects, 142 were included and 87 were excluded. Demographics of the included subjects are described in Table 1 . The differences between included and excluded subjects for mean age (75.88 vs 76.49 years, respectively), percent female subjects (0.47 vs 0.49), mean education level (16.10 vs 15.94), percent carriers of the APOE ε4 allele (0.28 vs 0.24), and mean MMSE at baseline (29.22 vs 28.94) did not meet statistical significance at the α = 0.05 level. However, the included subjects had significantly higher global cognition at baseline on mean Alzheimer's Disease Assessment ScaleCognitive (ADAS-cog) (5.89 vs 6.69, p = 0.046). 
Neuropsychological assessment
Two memory-specific neuropsychological tests administered at baseline and 24 months were used to determine cognitive decline: Logical Memory Test (Delayed Paragraph Recall) from the Wechsler Memory Scale-Revised and Rey Auditory Verbal Learning Test (AVLT). In the Logical Memory (LM) Test, which assesses episodic memory, subjects were read aloud a short story containing 25 units of information. The total number of units (maximum score = 25) recalled immediately and after a 30-minute delay were recorded. Retention of the information was computed by dividing the delayed recall score by the immediate recall score. Two-year change in both the delayed recall score and the retention score were calculated as absolute change between baseline and 24 months, where cognitive decline was defined as a positive value.
The AVLT assesses multiple aspects of learning and memory. Subjects participated in five learning trials in which they were presented orally with the same 15 unrelated nouns at the rate of one word per second. The number of words freely recalled immediately after each trial was recorded for each of the 5 trials. After the first five trials, a second list of words was read, and the subjects were asked to freely recall as many words as possible immediately afterward (trial B). After a 20-minute delay, free recall of the original 15 words was elicited again (trial 6). Additionally, a yes/no recognition test containing the 15 original words interspersed with 15 new words was administered, and the numbers of true and false positive responses were recorded (delayed recognition). Two-year change in both the sum across all trials 1 through 6 plus B (maximum score= 105) and the delayed recognition score (maximum score= 15) were calculated as absolute change between baseline and 24 months, where cognitive decline was defined as a positive value.
MR acquisition and analysis
Two three-dimensional, T1-weighted volumes per subject per visit were downloaded from the public ADNI database (http://www.loni. ucla.edu/ADNI/). All image processing and analyses occurred at the Multimodal Imaging Laboratory at the University of California, San Diego. The methods are described in detail in Holland et al. (2009) . Briefly, images were corrected for gradient nonlinearities (Jovicich et al., 2006) . The two baseline images were rigid-body aligned, averaged to improve signal-to-noise ratio and resampled to isotropic 1-mm voxels. An automated segmentation procedure based on FeeSurfer software (Fischl, et al., 2002) and customized Matlab code was used to obtain volumetric segmentation. Cortical surface reconstruction yielded a measure of thickness at each vertex, and the surface was parceled into distinct regions of interest (ROIs). To obtain six-month change, follow-up images were fully affine-registered to the baseline images and corrected for intensity nonuniformity. Nonlinear registration was then used to align voxel centers in the baseline with the appropriate location in the follow-up scans, and a volume-change field was calculated. This field was averaged over each ROI to compute the percentage change from baseline. This method has been validated using models where amount of change was known and where noise was added to approximate that seen in human brain imaging of demented patients. In these studies, technical measurement error for the computed change in volume was within 0.2% of the structure volume. That is, for a 6000 mm 3 hippocampal volume undergoing a change of 1%, the technical measurement error in estimating the 60 mm 3 volumetric change would be ±12 mm 3 in an individual subject if voxels were each 1 mm isotropic (Holland, submitted) .
Statistical analysis
All statistical analysis was performed using SPSS 15.0. To determine whether the population of subjects included in this study were representative of all ADNI control subjects, independent samples t-tests were used to compare age, sex, education, APOE ε4 carrier status, and baseline cognition (MMSE and ADAS-cog) with a significance level of α = 0.05.
To investigate whether six-month change in subregional brain volumes predicts two-year cognitive decline, regression analysis was used. Four different neuropsychological measures were treated as distinct dependent variables, and a separate regression analysis was done for each. The four outcome measures include two-year change in scores on LM delayed recall, LM retention, AVLT sum and AVLT delayed recognition. Six-month change in the whole brain, ventricles and twelve subregions of interest were selected to be independent variables in the regression analyses because these were the regions for which longitudinal data was available in the public ADNI database. The regions of interest included bilateral hippocampus, inferior lateral ventricle, middle temporal gyrus, inferior temporal gyrus, entorhinal cortex and fusiform gyrus. Risk factors for AD including age, sex, education and APOE ε4 carrier status were also included in the regression analysis as independent variables.
Univariate analyses were first conducted to determine which independent variables should be included in a stepwise multivariate regression. All variables that met significance at p b 0.10 in the univariate analyses were entered into the multivariate model. Residual analysis was conducted to evaluate the validity of regression assumptions. Additionally, independent variables that met significance (p b 0.01) in the multivariate model were tested for multicollinearity and undue influence. If a subject was found to have undue influence on the regression model, the subject's data was examined for abnormalities, the analysis was repeated after excluding the subjects with undue influence, and both results were reported.
To determine whether six-month neuroanatomical change provides additional predictive information beyond that which is obtained by assessing six-month change in cognition, the regression analysis was repeated using baseline ADAS-cog scores and six-month change in ADAS-cog, MMSE, AVLT sum and AVLT delayed recognition as independent variables. Six-month change in LM delayed recall and retention was not included because these measures were not assessed in the ADNI dataset at six months. Because six-month change on AVLT sum and AVLT delayed recognition are encompassed within two-year change on these same measures and are therefore not independent variables, the dependent variable in these analyses was change between the six-month and two-year visits rather than between the baseline and two-year visits.
A secondary set of regression analyses was also performed to identify how the multivariate models change when data from the seven subjects who converted to MCI over the course of two years is weighted twice as heavily as data from subjects who retained a diagnosis of normal. After assigning a weight of 2/149 (0.013423) to all data from subjects who converted to MCI and a weight of 1/149 (0.006711) to all other subjects, the regression procedures detailed above were repeated.
Composite neuroanatomical change scores were calculated for each subject by converting each subject's change within the regional temporal lobe ROIs to standardized z-scores and then averaging the scores across these ROIs. Similarly, composite cognitive change scores were calculated for each subject by converting each subject's change on the neuropsychological measures to standardized z-scores and then averaging these scores across the four outcome measures.
Results
Of the 142 healthy elderly subjects included in this study, there were 67 females and 75 males, the mean age was 75 years (range 59 to 90), the mean education 16 years (range 6 to 20), and 40 were carriers of the APOE ε4 allele. The mean MMSE at baseline was 29.22 (range 25 to 30) and the mean ADAS-cog at baseline was 5.89 (range 1 to 16.33).
On three of the four memory-specific neuropsychological assessments, subjects showed a slight mean improvement with repeat testing over the course of two years. The two-year mean change on LM delayed recall (maximum score 25) was an improvement of 0.64 points (range 10-point decline to 9-point improvement), the mean change on LM retention (maximum score 1) was a decline of 0.05 points (range 0.93-point decline to 0.43-point improvement), the mean change on AVLT sum (maximum score 105) was an improvement of 1.20 points (range 42-point decline to 30-point improvement), and the mean change on AVLT delayed recognition (maximum score 15) was an improvement of 0.09 points (range 11-point decline to 10-point improvement).
There was significant evidence of medial temporal atrophy over a six-month period (Fig. 1) . Although not all subjects had measurable atrophy, there was a mean loss of subcortical volume and cortical thickness in all regions of interest, with the exception of the inferior lateral ventricles, which expanded. There were mean decreases in the volumes of the left and right hippocampus (− 1.02% and − 0.98%, respectively) and mean decreases in the thicknesses of the left and right middle temporal gyri (both −0.64%), left and right inferior temporal gyri (−0.55% and −0.65%), left and right entorhinal cortices (−0.45% and −0.43%), and left and right fusiform gyri (− 0.55% and −0.50%, respectively). There were mean expansions in the volumes of the left and right inferior lateral ventricles (1.74% and 1.90%, respectively). Additionally, there was a mean loss of volume in the whole brain (−0.31%) and a mean gain in volume in all ventricles (1.73%).
Univariate regression analysis revealed that six-month neurodegenerative change in several medial temporal regions significantly predicted two-year cognitive decline at a significance level α b 0.01 (Table 2 ). The multivariate regression models designated three of these regions as the best predictors of cognitive decline when compared to other risk factors such as age, education and APOE ε4 carrier status. A decrease in the thickness of the right fusiform gyrus predicted decline on LM delayed recall (p = 0.001), with a 1% decrease in thickness corresponding to a 1.22 ± 0.35 point decline. Expansion of the right inferior lateral ventricle was a significant predictor of decline on LM retention (p = 0.002), with an expansion of 10% corresponding to a decline in the retention ratio by 0.09 ± 0.03. A decrease of thickness in the right inferior temporal gyrus predicted decline on AVLT sum (p = 0.004), with a 1% decrease in thickness corresponding to a 2.57 ± 0.43 point decline. Additionally, a decrease in whole brain volume predicted decline on AVLT delayed recognition (p = 0.009) with a 1% decrease in volume corresponding to a 1.39 ± 0.53 point decline. Age, sex, education and APOE ε4 carrier status were not significant predictors of cognitive decline.
When baseline ADAS-cog scores and six-month change in ADAScog, and MMSE scores were entered into the regression model as independent variables, they failed to be significant predictors of twoyear cognitive decline and the regression models did not change. Sixmonth change on AVLT sum did predict change on AVLT sum over the subsequent eighteen months (p = 0.000), and six-month change on AVLT delayed recognition predicted change on AVLT delayed recognition over the subsequent eighteen months (p = 0.000). In Fig. 1 . Neuroanatomical change between baseline and 6-month follow-up visits across medial temporal lobe (MTL) regions. All volumes were normalized to baseline. Data points represent mean volumes for all subjects who retained a diagnosis of cognitively normal over the two-year follow-up (solid lines, n = 135) and for those subjects who converted to mild cognitive impairment (MCI) during the follow-up (dashed lines, n = 7). Error bars represent standard error of the mean. A mean loss in volume was seen in all medial temporal lobe regions, with the exception of the inferior lateral ventricle, in which there was mean expansion. addition, six-month change on AVLT sum predicted two-year change on LM delayed recall (p = 0.007).
Data from two subjects who converted to MCI during the two-year follow-up period were found to exert undue influence in the regression models for LM delayed recall and LM retention. When these subjects were removed from the regression analyses, neither the right fusiform nor the right inferior lateral ventricle were significant predictors at p b 0.01, although the right fusiform remained significant at p b 0.05. Change in the right fusiform predicted decline on LM delayed recall (p = 0.016), with a 1% decrease in thickness corresponding to a 0.92 ± 0.38 point decline. Additionally, change in the left hippocampus became significant (p = 0.012) with a 1% decrease in thickness corresponding to a decline in the retention ratio by 0.39 ± 0.15.
During the two-year follow-up period, a total of seven subjects converted to MCI. The subjects who converted were not significantly different at baseline in age, education or MMSE than those who retained a normal diagnosis. However, the converters had a significantly higher frequency of the APOE ε4 allele (0.71 vs 0.26, p = 0.049) and significantly more impaired ADAS-cog scores at baseline (mean 9.19 vs 5.72, p = 0.030).
In a secondary regression analysis, data from the seven subjects who converted to MCI, including the two subjects mentioned above who exerted undue influence in the regression models, were weighted twice as heavily as data from all other subjects in order to create a prediction model biased toward identifying changes in the brain that predict conversion to MCI (Table 3) . Change in the right fusiform became a more significant predictor (p b 0.001) of decline on LM delayed recall, with a 1% decrease in thickness corresponding to a 1.46 ± 0.33 point decline. Additionally, change in the right fusiform became a significant predictor (p = 0.005) of AVLT delayed recognition, with a 1% decrease in volume corresponding to a 0.83 ± 0.29 point decline. Expansion of the right inferior lateral ventricle also became a more significant predictor (p b 0.001) of decline on LM retention, with a 10% increase corresponding to a decline in the ratio by 0.10 ± 0.03. No regions remained significant predictors of decline on AVLT sum at the α = 0.01 level, but there was a trend toward change in the left entorhinal cortex predicting decline on AVLT sum (p = 0.017), with a 1% decrease in thickness corresponding to a 1.34 ± 0.55 point decline. Among the nine subjects with the greatest composite neuroanatomical change (defined as being greater than one standard deviation relative to our sample), two converted to a diagnosis of MCI, and five had cognitive change greater than the mean for the group. In no case did a subject above the 93rd percentile for composite neuroanatomical change fail to have greater than average decline on the composite memory measure. Further, in no case did a subject below the 32nd percentile for composite neuroanatomical change convert to a diagnosis of MCI.
Discussion
This study provides evidence that loss of cortical thickness and subcortical volume can not only be detected and quantified over a sixmonth period in healthy elderly subjects, but can also be used to predict subsequent cognitive decline. Specifically, six-month neurodegeneration in certain medial temporal regions, including the right fusiform gyrus, right inferior lateral ventricle and right inferior temporal gyrus, predicted two-year decline on memory-specific neuropsychological measures in ADNI normal controls. These results suggest that longitudinal MRI may provide an early biomarker for cognitive decline in healthy elderly subjects. Further, the predictive information gained by longitudinal MRI cannot be obtained by assessing six-month change in global cognitive scores such as ADAS-cog or MMSE. It is less obvious that the usefulness of six-month MRI data in predicting subsequent decline on memory-specific measures exceeds that of six-month scores on these same memory-specific tests. Six-month change on AVLT sum and AVLT delayed recognition were found to be significant predictors of change on these same tests over the subsequent eighteen months. However, they did not predict change on one another and only AVLT sum predicted two-year change on LM delayed recall. At a minimum, the information provided by six-month imaging data enhances information gained by extensive neuropsychological testing. Further, imaging measures have certain advantages over neuropsychological tests in that they are not influenced by volition or attention.
This study is the first to detect and quantify six-month change across multiple medial temporal regions in healthy elderly subjects and to relate these changes to later cognitive decline with a relatively short follow-up. Prior studies have examined a limited number of structures using volumes obtained through manual tracing (Jack et al., 1997) or qualitative ratings (Scheltens et al., 1992) . The current procedure is high-throughput and requires little manual input, thus making it applicable to the clinical setting or large research studies.
Other studies examining neurodegeneration in healthy elderly subjects have focused on either baseline volumes or change over longer time periods, at least one year in duration. It is likely that additional information is gained by including baseline volumes in a predictive model (Adak et al, 2004) , but the purpose of this study was to specifically examine change over a six-month period. Baseline volumes can be interpreted as the sum of all changes occurring prior to the sixmonth period of interest. These results show that regardless of baseline volumes, a six-month follow-up is sufficient to identify neurodegenerative changes. Because six months is the shortest follow-up period in the ADNI dataset, it remains to be seen whether neurodegenerative changes could be detected in even shorter time periods, such as three months. Further studies are needed to compare the quality of predictive information gained by assessing change over different time periods.
It is unclear whether the neurodegeneration detected in this study is entirely explained by general aging or whether early pathological processes occurring in some subjects drive the prediction models. It is well established that there is a gradual loss of brain volume with normal aging (Scahill et al., 2003) , and there is not sufficient followup in the ADNI dataset to determine if these subjects will go on to develop AD. However, the pattern of neurodegeneration seen in the subjects whose subregional brain volumes change the most in six months is consistent with what is known about the regional progression of pathology in AD, which starts in medial temporal lobe structures and spreads laterally through the neocortex (Braak and Braak, 1991) . Although prior studies have focused on early changes in the hippocampus and entorhinal cortex as being predictive of AD (Devanand, et al. 2007; Hampel, et al., 2008) , the fusiform gyrus, inferior lateral ventricles and inferior temporal gyrus lie along the known path of pathological progression and would be expected to change in disease as well. Further, the findings of this study are consistent with prior studies in MCI and AD that have found significant volume changes in the fusiform gyrus McDonald et al., 2009) , inferior temporal gyrus McDonald et al., 2009 ) and inferior lateral ventricles (Kovacevic et al., 2009) . Thus, it is reasonable that these three regions were the best predictors of cognitive decline in the regression models.
Additionally, there is information about the seven subjects who did convert to a diagnosis of MCI over the two-year follow-up. Although not enough subjects converted to MCI to provide sufficient statistical power, a qualitative analysis of their imaging data reveals that the six-month change seen in their brains is highly consistent with what is expected in the early forms of AD (Fig. 2) . These seven subjects, in whom a clinically relevant change was noted, are clearly of particular interest. The secondary regression analysis was used to examine how the regression models would change when their data was weighted more heavily, thus influencing the regression models toward the specific changes that occurred in subjects known to be converters. In doing so, subregional change in the fusiform gyrus and inferior lateral ventricle became stronger predictors of cognitive decline. Again, these regions are consistent with the known path of pathologic progression in AD, and it is therefore likely that accelerated change in these regions suggests pathology rather than general aging although longer follow-up and pathological confirmation would be required to confirm this.
When further examining the seven subjects who converted to MCI, it appears that APOE genotype is meaningful. Five of the seven converters were carriers of the APOE ε4 allele, compared to 35 carriers of the allele among the 135 subjects who did not convert to MCI. This suggests that APOE genotype may assist in knowing whether neurodegenerative change detected by quantitative neuroimaging is clinically relevant and likely to result in a change in diagnosis from normal cognition to MCI.
Although the pattern of atrophy observed in some subjects in this study is consistent with expected changes in AD, the hemispheric asymmetry is unexpected. Namely, these results suggest that atrophy in right hemisphere regions is more strongly predictive of later cognitive decline than is atrophy in the left hemisphere. Many prior studies have reported greater involvement of the left hemisphere than the right hemisphere in AD (Karas et al., 2003; Baron et al., 2001 ) and MCI (Seo et al., 2007) although one study found greater atrophy in the right medial temporal region than in the left in MCI (Karas et al., 2004) , and another study using the ADNI dataset reported greater thinning in the right hippocampal and entorhinal cortices in patients with MCI . It is important to note that the results of this study do not suggest that greater atrophy occurs in right hemispheric regions. In fact, mean percent changes in volume were not statistically different between the right and left hemispheres for any regions examined. However, the results do suggest that right hemispheric atrophy is more predictive of later cognitive decline. It is unclear why such a laterality exists, and this is an issue that merits further study.
Finally, despite the potential for future application of these procedures in the clinical setting, it should be mentioned that such use would require additional investigation into their power to detect such subtle changes in the individual subject, as well as overcoming a host of other practical issues that have impeded the translation of volumetry into the clinical setting (Brewer, 2009) . Further, the ADNI dataset does not accurately represent the population at large, which limits generalizability of the findings. In particular, the normal subjects included in this study had a high average level of education (16.12 years) compared to the general population. This warrants further research because other investigators have found that low education levels are associated with an increased risk of dementia (Chen et al., 2009 ). Thus, one might expect more neurodegeneration and cognitive decline in a sample more representative of the general population.
Conclusion
The present findings suggest that longitudinal MRI shows promise for identifying rapid atrophy in otherwise healthy subjects. It is too early to tell whether the atrophy identified in this population represents significant disease that should be targeted for therapy, especially since histological underpinnings might vary. Nevertheless, the results suggest that such MR neuroimaging techniques might be used to supplement existing research and diagnostic techniques to evaluate risk of memory decline. For example, this subregional approach using longitudinal MRI may supplement measures of global atrophy currently used in clinical trials to assess whether or not a therapeutic agent slows brain atrophy and associated decline in memory. Neuroimaging may even offer an advantage over cognitive testing in clinical trials targeting the earliest disease stages by allowing earlier detection of a drug's effect in the prodromal phase, when an effect on atrophy would appear to be demonstrable prior to an effect on cognition. Thus, these techniques may have significant future implications for both diagnosis and prognosis, even among the healthy elderly. Fig. 2 . Six-month neuroanatomical change overlaid on baseline brain images for three sample subjects using a heat-scale color mapping where blue represents shrinkage and red represents expansion. Subject A was a 77 year-old female who retained a diagnosis of cognitively normal throughout the two-year follow-up period. Subject B was a 77 year-old female who converted to a diagnosis of mild cognitive impairment (MCI) at the six-month follow-up. Subject C was a 79 year-old male who converted to a diagnosis of MCI at the 24-month follow-up. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
